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Abstract
Understanding the charge carrier dynamics and charge transport in metal
halide perovskites and their correlation to the synthesis procedure is crucial
for the fabrication of competitive thin film photovoltaic devices and their fur-
ther improvement. In this work we investigate two CH3NH3PbI3 films both
deposited by a two-step protocol and only differing in the optional addition
of a chloride containing salt to the precursor solution. Although being highly
akin from a chemical point of view, these films show substantial differences in
their optoelectronic characteristics, such as enhanced charge carrier mobili-
ties in the chloride-treated perovskite films. We furthermore observe different
light-soaking behavior and increased photoluminescence lifetimes which we
assign to the chloride addition during film deposition resulting in controlled
crystal growth with fewer defects.
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1. Introduction
Organic-inorganic hybrid perovskites have experienced an unexpected sci-
entific boost rendering them the fastest advancing solar technology the com-
munity has ever observed. [1–4] Highly advantageous physical properties
such as tunable electronic properties [5, 6] or strong optical absorption over
the visible regime of light [4, 7] are considered to be one of the key features
for becoming competitive with the nowadays used commercial technologies
such as silicon or CIGS. [8–10] A huge effort has been spent to improve and
optimize different synthesis approaches with cheap bulk materials [11–14],
allowing for the substantial increase of power conversion efficiencies (PCE)
in perovskite-based photovoltaic devices, ranging from 3.8% [1] to 6.5% [15]
in the early years to values currently exceeding 21% [16]. Several device en-
gineering protocols are reported in literature, amongst others the addition
of chloride containing compounds to the methylammonium iodide precursor
solution for the synthesis of methylammonium lead triiodide (MAPI) films in
a two-step solution deposition route.[17–20] Since an incorporation of chlo-
ride ions into the final crystal structure has not been detected yet by any
analytical procedure the function of chloride for the control of the resulting
optoelectronic properties seems to be crucial but still remains unclear.
Here, we investigate the properties of chloride-treated MAPI thin films and
compare them to the results obtained for untreated MAPI films. We analyze
material characterization results such as morphology, X-ray diffraction and
light absorption behavior of both respective films. Furthermore, we focus
on the study of charge carrier dynamics and mobility in the two films based
on the time-of-flight (ToF) technique and time-resolved photoluminescence
(PL), both ex-situ as well as in-situ during the crystallization processes.
2. Experimental part
2.1. Perovskite thin film preparation and solar cell fabrication
Preparation of the precursor solutions and perovskite thin film deposition
was done following a previously published synthesis route.[17, 18] A detailed
description of the synthesis procedures as well as solar cell fabrication can
be found in the Supporting Information.
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2.2. In-plane gold electrodes on glass
Laterally arranged gold contacts were fabricated in a cleanroom facility
via optical lithography. The individual steps including the creation of the
structures as well as the deposition of the metallic contacts on the glass
substrate are specified in the Supporting Information.
2.3. Time-of-flight measurements
Charge carrier mobilites in perovskite thin films were extracted from time-
of-flight (ToF) experiments (see Supporting Information, Figure S2). Later-
ally contacted perovskite films were illuminated from the semi-transparent
glass/gold side (Figure 3a) using pulsed laser excitation at 540 nm and a
pulse length of 7 ns. By applying a constant external electric field at the
electrodes only for the short measurement interval of roughly 1 s to avoid
effects due to ion migration [21–23], a current flow is created, leading to the
respective ToF transient as seen in Figure 3b.
2.4. Laser scanning confocal microscopy
Time-resolved PL studies [35] were carried out by confocal microscopy
in combination with time-correlated single photon counting (TCSPC) and
utilized to extract the PL lifetime and intensity of the different films. Fur-
ther information about the configuration of the corresponding setup and the
instrument response function (IRF) can be found in the Supporting Infor-
mation, Figures S3 and S4.
2.5. In-situ PL measurements
PL measurements during crystal growth of both perovskites at room tem-
perature were performed using a TCSPC setup. Glass substrates coated with
a thin layer of PbI2 were immersed into a cuvette filled with the methylam-
monium iodide precursor to initiate the perovskite film formation at room
temperature. Laser excitation was provided by the same laser as used for the
aforementioned time-resolved PL studies. PL transients were recorded over
a time frame of 1000 minutes and by means of a photomultiplier detector
assembly.
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3. Results and discussion
Methylammonium lead triiodide (MAPI) thin films investigated within
this work were fabricated via a two-step solution deposition conversion pro-
tocol [17, 18], representing one of the state-of-the-art synthesis techniques.
From this procedure, either MAPI films, in the following referred to as “pure
MAPI”, or “chloride-treated MAPI” films are obtained. When comparing
these films by different analysis techniques such as SEM (Figure1a and b),
XRD (Figure 1c) or UV-Vis spectroscopy (Figure 1d), no significant differ-
ences could be observed.
Nevertheless, when incorporating these compounds in planar photovoltaic
devices (see SEM cross sections shown in the Supporting Information, Fig-
ure S1) noticeable differences in the performance are observed [17–20]. Solar
cells based on chloride-treated MAPI reveal a significantly improved power
conversion efficiency (PCE) yielding 10.3% on average compared to the sys-
tem comprising pure MAPI with a PCE value of 5.3 %. The corresponding
J -V performance data (Figure 2a) and the extracted statistical distribution
of the resulting PCE are shown in Figure 2b.
To gain further insights into these enhancement effects of chloride addition
during synthesis on the resulting films’ optoelectronic properties, we carried
out time-of-flight (ToF) mobility studies on individual laterally contacted
layers of the two films with inter-electrode distances ranging from 7 to 13 µm.
A scheme of the employed sample layout and the principle of the transient
photocurrent measurement is depicted in Figure 3a. Further information
about the experimental setup and the measurement procedure can be found
in the Supporting Information, Figure S2.
The generated charge carriers are separated by applying a constant external
DC field of approximately 7 kV/cm and thus start moving in vertical direction
across the film towards the opposite electrode. Note that mobile ionic species
strongly affect the material’s properties and are discussed to be the origin
of the anomalous hysteretic J -V behavior[21–26]. In the here presented
experiments, this is minimized by activating the electric field only during the
measurement time to prevent significant ion migration in the film occurring
on a minute timescale for ionic drift in the µm range[25, 27].
The obtained photocurrent transients for different electrode distances
(Figure 3b) indicate that larger charge carrier travel distances between the
lateral metallic contacts result in longer transport times. The carrier mobil-
ity µ in pure and chloride-treated CH3NH3PbI3 films is then calculated by
4
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Figure 1: Characterization of perovskite thin films fabricated via a two-step synthesis
protocol [17, 18]. (a) Top view SEM micrographs depicting the crystallites within the
two morphologically similar films and cross-sections of the solar cells comprising the cor-
responding films. (b) Size distribution of the crystallites obtained from (a) by visual
investigation, resulting in comparable average sizes of 284 nm and 271 nm for pure and
chloride-treated MAPbI3, respectively. (c) Corresponding diffraction patterns from XRD
measurements. (d) UV-Vis spectra of the two films showing very similar optical absorption
behavior.
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Figure 2: Photovoltaic performance of the corresponding solar cells composed of the com-
monly used stack sequence FTO/TiO2/perovskite/spiro-OMeTAD/gold. (a) J-V analysis
of working devices comprising the two different MAPbI3 films. (b) Statistical evaluation
of power conversion efficiencies from more than 30 individual photovoltaic devices. Solar
cells based on pure MAPbI3 reveal a PCE of 5.3% on average, whereas chloride-treated
films lead to an improved performance with average efficiencies of 10.3%.
the following equation:
µ =
d
E · ttr
(1)
with d being the inter-electrode distance, E = Ubias/d is the constant
applied electric field and ttr the transit time charge carriers need to travel
from the spot they were generated to the opposite contact.
The determination of ttr follows a procedure adapted from literature [28]
and performed via linear fit functions (see Figure 3c). For a higher repro-
ducibility an automatic fit routine has been programmed based on an iter-
ative fitting approach of the measured photocurrent transient. Plotting the
transient in a double logarithmic scale, the employed algorithm identifies two
linear fit functions for the plateau and the decay with the maximum obtain-
able values of the corresponding slopes. Due to slight oscillations of the signal
a linear fit is favorable over differentiating or integrating the respective data.
Considering these two generated lines (grey lines in Figure 3c), the transit
time ttr is equal to their point of intersection.
As shown in Figure 3d chloride-treated MAPI films show decreased tran-
sit times compared to pure MAPI for the same electrode distances. The
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Figure 3: Determination of charge carrier mobilities using time-of-flight measurements. (a)
Schematic illustration of the employed sample layout. Laterally contacted perovskite films
with varying distances d between the gold electrodes, ranging from 7 to 13 µm, are illumi-
nated using pulsed laser excitation. Charge carriers are generated within the MAPbI3 film
and separated due to an applied electric field. (b) Representative photocurrent transients
obtained after pulsed excitation and the simultaneously applied DC field. An increased
gap size is reflected in larger transit times ttr. (c) Fitting routine employed to extract ttr ,
as described in the main text. (d) Extracted transit times (ttr) as a function of electrode
distance. The linear scaling allows for the determination of µ, yielding a carrier mobility
of 2.16 cm2/Vs for chloride-treated MAPI and 1.62 cm2/Vs for pure MAPI.
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slope of the linear regression of the transit time as a function of contact
spacing reflects the obtained charge carrier mobilities. For MAPI, a value of
µ=1.62± 0.11 cm2/Vs is determined whereas the mobility in chloride-treated
MAPI yields µ=2.16 ± 0.15 cm2/Vs. Hence, the charge carrier mobility is
increased by approximately 34% due to chloride-assisted synthesis of MAPI.
Scanning literature for effective mobility values in solution-processed per-
ovskite films, i.e. considering both electron and hole mobility, different val-
ues with huge variations can be found. Mobilities probed with time-resolved
transient THz spectroscopy range between 8 [29, 30] and 40 cm2/Vs [31]
whereas experiments employing time-resolved microwave photoconductance
result in values from 3 [30, 32] up to 30 cm2/Vs [33, 34]. Compared to the re-
ported moblities, our values represent a lower limit. This we attribute to the
formation of a built-in potential at the contact/perovskite interface as well
as to the intrinsic contact resistance. On the other hand this measurement
scheme that involves contacts might resemble more closely the conditions in
full solar cell devices compared to investigating thin films-only. Additionally,
our experimental approach extracts mobility values in lateral dimensions ac-
cumulating the influence of a high number of grain boundaries and defects
as well, both representing possible trapping sites.
To clarify the influence of the chloride treatment on charge carrier dy-
namics we further conducted PL measurements on the respective single films
since the PL intensity is a direct measure of the charge carrier density in the
hybrid halide perovskite film. In the experiment a pulsed laser excites the
sample at 510 nm and triggers a photoresponse from the perovskite films,
which is recorded by a fast APD combined with TCSPC electronics.
Previous studies of our group [35] and others [36–39] have shown that light
soaking within these films considerably modifies their electro-optical proper-
ties as well as the performance of respective solar cells [21]. Thus, the investi-
gated perovskite films have been pre-soaked for different exposure times. For
both films, it could be observed that the biexponential PL intensity decay
[35] becomes slower when increasing the illumination duration as depicted
in Figure 4a and b. Steady-state conditions are reached after ∼5 hours for
pure and after ∼10 hours for chloride-treated MAPI for the same excitation
laser power and similar absorption strength (Figure 1d), indicating a slower
passivation process of trap states. This we attribute to a lower defect den-
sity in chloride-treated MAPI films. Further comparison of the PL intensity
obtained via temporal integration of the transients (Figure 4c) reveals that
the intensity considerably increases for both films following longer exposure
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Figure 4: Investigation of the optical response in the perovskite films via PL microscopy.
(a) and (b) Time-resolved PL transients of a pure and a chloride-treated MAPbI3 thin
films for extended exposure time to pulsed laser light. In both cases, the PL decay slows
down with increasing illumination and reaches a saturation after approximately 5 hours
for the pure and 10 hours for the chloride-treated film. (c) PL intensity obtained by tem-
poral integration of the recorded PL decays. The PL intensity significantly increases with
increasing exposure time before reaching a saturation. (d) Extracted intensity averaged
PL lifetime upon increasing exposure to light showing different light soaking behavior
for the films. Whereas pure MAPbI3 showed an intensity averaged lifetime of ∼70 ns for
steady-state conditions, i.e. after full light-soaking, the chloride-treated revealed a lifetime
of ∼100 ns.
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Figure 5: In-situ photoluminescence studies of perovskite film formation at room tem-
perature. (a) Schematic illustration of the employed setup of in-situ PL studies. While
immersing a PbI2 coated glass into a methylammonium iodide or mixed methylammo-
nium iodide/chloride solution PL transients upon pulsed laser excitation are recorded
over a time frame of 1000 min. (b) Intensity averaged lifetimes during formation of pure
and chloride-treated MAPI. Stable lifetime values are obtained after 600 min for pure
MAPI, revealing a lifetime of 175 ns, and after 840 min for chloride-treated MAPI with
an intensity averaged lifetime of 295 ns.
times. For chloride-treated MAPI a constant PL intensity is present at a later
point in time which is equal to clearly slower light soaking process. Further-
more, the PL intensity is higher compared to pure MAPI indicating a lower
non-radiative recombination rate knon−rad and thus a decreased number of
traps since the intensity is proportional to (krad + knon−rad)/krad · kexcitation.
Note that fundamental differences in the light soaking behavior are observed
when plotting the intensity averaged PL lifetimes as a function of exposure
time as shown in Figure 4d. We determine an intensity averaged lifetime
of approximately 70 ns for pure CH3NH3PbI3 and 100 ns for the chloride-
treated film when reaching saturation. This observation we assign as well to
a reduced number of recombination sites in the chloride-treated film caused
by an optimized crystal growth.
The deposition technique and the crystallization dynamics are consid-
ered to be the most important factors influencing the thin film properties
of the respective hybrid perovskite compound [6, 17, 40, 41]. Previous in-
vestigations [42] suggested a crucial role of chloride in a templating process
during crystallization in chloride-assisted fabrication protocols. Hence, to
confirm our assumptions on improved crystal growth we performed in-situ
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PL studies during film formation of the perovskite, but in this case at room
temperature since film formation at 60 ◦C is already finalized after 5 min.
For this purpose, PL transients were acquired over a time scale of approxi-
mately 1000 minutes while constantly positioning a lead iodide coated glass
substrate into a cuvette filled with the corresponding precursor solution (see
Figure 5a).
From the resulting transients, fitted with a biexponential decay function, the
intensity averaged lifetimes are obtained and plotted as a function of time,
shown in Figure 5b. At the beginning of the crystallization process, the pure
film reveals longer lifetimes indicating that the creation of the crystals occurs
faster when using only a methylammonium iodide precursor solution. Hence,
the formation of defects in the crystal structure of pure MAPI appears more
likely. This is also reflected when reaching stable conditions after approx-
imately 600 min for pure and 840 min for chloride-treated MAPI. At this
stage of the film formation the intensity averaged lifetimes yield 175 ns and
295 ns for pure and chloride-treated MAPI, respectively. In contrast to the
previously conducted experiments on finished thin films, the PL monitoring
of the film growth in solution leads to longer lifetimes. We ascribe this ob-
servation to the fact that the film formation in the cuvette occurs at room
temperature (and not at 60 ◦C) and hence in a more controlled manner,
resulting in bigger crystals with longer PL lifetimes. Furthermore, there is
no temporal limitation to the crystal growth since the PL measurement was
performed over several hundreds of minutes which enables and facilitates the
enhancement of the crystal size.
Substantial differences in PL lifetimes as derived from in-situ experiments
were already observed within the aforementioned steady-state and time-
resolved PL studies on stand-alone films and support our assumptions that
the film formation in the methylammonium chloride/iodide solution occurs
in a more controlled way with less recombination sites due to the observation
of longer PL lifetimes and higher PL intensities. The absence of chloride in
the final crystal structure (Figure 1c) also indicates the auxiliary function of
the anion during film formation.
4. Conclusion
In this study we investigated pure and chloride-treated methylammonium
lead triiodide thin films, both very similar in morphology and chemical char-
acteristics. Major differences were obtained for the charge carrier dynamics
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in chloride-treated MAPI, such as improved solar cell performance, increased
mobility and higher PL intensities and lifetimes. From our in-situ PL mea-
surements we attribute this enhancement of efficient transport characteristics
to the slow down of the crystallization speed during the growth of the film
induced by the presence of chloride and leading to considerably less defects
and quenching sites in the individual crystals. This control is a beneficial
tool to optimize the performance in present and future photovoltaic devices
incorporating hybrid halide perovskite materials.
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